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Abstract 
The interaction of Gemini surfactant C12-s-C12·2Br with aqueous suspension of fumed silica have been investigated 
by DLS, Zeta potential, conductivity, pH value and fluorescence. With the increase of surfactant concentration, four 
regions exist during the adsorption and aggregation process, which can be recognized as ion exchange adsorption, 
electrostatic repulsion, adsorption layer formation by hydrophobic interactions and free micelle formation. The 
Gemini surfactant C12-s-C12·2Br shows strong adsorption ability on the fumed silica. Zeta potential was turned from 
negative to positive by the addition of small quantitates of C12-s-C12·2Br. The “dispersion-flocculation-dispersion” 
phenomena was observed for the addition of s=2 during 0.1 to 4 mmolL-1. 5% fumed silica dispersion system can be 
gelled by s=2 of 1mmolL-1. These phenomena have never been observed for the systems containing s=4 and s=6. 
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1 Introduction 
Aqueous suspensions of fumed silica particles have been widely employed in academic research and in 
applications[1-3]. Modification of fumed silica surface with surfactants can be responsible for marked 
alterations in the hydrogen bond network and free energy of interfacial water, surface charge distribution, 
etc., which can affect the dispersion stability, particle size distribution and other properties of the 
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suspensions[4-8]. It is also very interesting to study the effect of surfactant structure on the interaction 
between fumed silica and surfactants. For example, cationic surfactants can be used as gel agents for the 
fumed silica suspensions and Asai[8]pointed that the interaction of fumed silica should strongly depend 
on the alkyl chain length and it could cause changes in gel-structure and rheological properties. However,  
most studies of interaction have also been limited to the use of conventional single chain surfactants[7, 8]. 
Alkanediyl-α�ω -bis(dimethylalkylammonium bromides) generally referred to as Cm-s-Cm⋅2Br are a 
series of important Gemini cationic surfactants, and their self-assembly in aqueous solution has been 
extensively investigated in many laboratories[9-12],which can be considered as a dimeric molecule of the 
corresponding alkyltrimethylammonium bromide linked by a spacer of variable length at the heads. And 
their properties are greatly influenced by the length of the spacer group, which controls the separation 
between the headgroups that may be greater or less than the average separation of the corresponding 
monomer in an aggregate. This changes the mobility and the packing geometry of the surfactant within an 
aggregate, whether in solution or at a surface[10,12]. And the behavior of gemini surfactants absorption at 
the silica-liquid interface has also been concern by researchers[13-23], but there was no relevant research 
about interaction of gemini surfactants with fumed silica suspensions has been reported so far.  
In this paper the interaction of gemini surfactant C12-s-C12⋅2Br (s=2,4,6) with fumed silica, such as 
A200, was investigated by dynamic light scattering (DLS), Zeta potential, conductivity, pH value and 
fluorescence.   
2 Experimental 
2.1 Reagents and instruments 
surfactants C12-s-C12⋅2Br were synthesized in our lab[24]. The molecular structure is shown below: 
H3C N (CH 2)s N CH 3
C12 H25
CH 3 CH 3
.+ + 2Br
C12 H25 (s=2，4，6) 
Fumed silica(Degussa A200), 99.8% purity,Specific area 190 m2g-1(determined by BET method); 
Milli-Q water. 
FA25 Batch High shear emulsifier(Shanghai FLUKO); Zetasizer Nano ZS90(England Malvern); 
Tristar 3000 gas adsorption analyzer(USA Micromeritics); Conductivity Meter (Shanghai Rex, DJS-1C 
electrode); pH Meter(Shanghai Rex, PHS-3C electrode); F-4500 fluorescence spectrophotometer(JPN 
Hitachi). 
2.2 The preparation of fumed silica dispersion system 
 (1) The preparation of dispersion mother liquid of fumed silica 
10g fumed silica was mixed with 190g water. The mixture was sheared with the speed of 10000r/min 
for 10min to obtain wt 5% silica dispersion system. 
 (2) The preparation of fumed SiO2(1%)/C12-s-C12⋅2Br dispersions 
Several 2mL 5% fumed silica dispersions were added into tubes respectively. The deionized water and 
surfactant solutions were also added into each tube to reach a volume of 10mL. After mixing, a series of 
solutions with different C12-s-C12⋅2Br concentrations while fixed 1% fumed silica were obtained.  
2mL dispersions were taken from each samples and were added into 5×10-6 mol⋅L-1 pyrene solutions. 
All samples were kept in the thermostatic bath for equilibrium before test. 
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 (3) The preparation of blank solutions 
The concentration of C12-s-C12⋅2Br solutions corresponding to (2) was prepared for conductivity and 
fluorescence test. 
2.3  Property characterization 
(1) Determination of I1/I3[25].  
The I1/I3 value of pyrene is usually taken as the indicator for the local environment polarity of probes. 
The sample containing pyrene（5×10-6 mol⋅L-1） was excited at 335nm. The fluorescence intensity of 
emission spectra at 372nm and 383nm was taken as I1 and I3. 
(2) Particle size and Zeta potential analysis [26].  
Particle size and Zeta potential analysis of fumed silica system were performed with Zetasizer Nano 
ZS90.  
Except mentioned, the experiment above were all performed at 25±0.1oC. 
3 Results and Discussion 
3.1 The distribution of fumed silica hydrated particle size (d) and zeta potential（ζ） in surfactant 
solutions 
The variation of d of fumed silica with the surfactant concentration was shown in Fig.1. The 
distribution peculiarity of fumed silica in s=2 is different from that of s=4 and s=6. In s=2 solutions, d 
was sharply increased and then fast decreased with the surfactant concentration during 0.5~2mM range. A 
maximum appeared at about 1mM. It means that addition of s=2 to the fumed silica dispersion system 
caused “dispersion-flocculation-redispersion” phenomena. This is similar to that reported one [22]. 
Gelation happened for 5% fumed silica/1mM s=2 after standing for 2 days (shown in Fig. 2). This is also 
similar to the fumed silica/CTAC dispersion system [7,8]. However, the situation is different for s=4 and 
6 solutions. The d varied little with concentrations of s=4 and s=6. No obvious flocculation happens. 
When adding 1mM s=4 and s=6 to 5% fumed silica respectively, no gelation happens. The difference will 
be explained in section 3.6.  
The dispersion characteristics of fumed silica in surfactant solutions are closely related to the 
adsorption process and aggregation of surfactant molecules. It is pointed [19-22, 27 ] that the adsorption 
of cationic surfactant on silica surface can be divided into two steps. The first step is ion exchange 
process and the second step is the aggregate formation by hydrophobic interactions.  
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e
H
The addition of small quantities of C12-s-C12·2Br can cause the change of silica surface potential (from 
-23mV to 13mV). This illustrates the strong adsorption of C12-s-C12·2Br surfactant ions on the surface of 
fumed particles. 
 
3.2 The effect of surfactant adsorption on the pH value of dispersion media 
There are many existed at the surface of original particles of fumed SiO2. These Si-OH groups will 
dissociate or adsorb H+ in media of different pH value. As a result, certain amounts of charge are carried 
by the particle surface [30], as shown in the following equations: 
 ≡SiOH +→ ≡SiOH+2 （pH<pH(IEP)） （1） 
 ≡SiOH → ≡SiO- + H+ （pH>pH(IEP)） （2） 
 ≡SiOH +OH- →≡Si(OH)-2（pH>pH(IEP)） （3） 
In pure water, ionization of Si-OH and release of H+ make the surface charge of fumed silica to be 
negative and the continuous phase to be acidic. For example, the pH value of 1% fumed silica dispersion 
system is 5.23. The addition of cationic surfactant promotes the release of H+ [19-22,27] of Si-OH groups 
by ion exchange adsorption. The pH value of the media is thus further lowered. Fig.4 shows the variation 
of pH and concentration of H+ with the concentration of surfactant in the fumed silica(1%)/surfactant 
dispersions. With the increase of surfactant concentration Cs, the pH value of the dispersions decreased. 
The H+ concentration calculated from pH value is denoted as CH. Fig.4(b) shows the variation of H+ 
concentration CH with surfactant concentration Cs. Similar phenomena appeared for the three dispersion 
systems. With the increasing of Cs, four regions can be recognized. (1) [H+] sharp rising region; (2) [H+] 
first platform region; (3) [H+] second rising region; (4) [H+] second platform region. The line 
corresponding to the second rising region intersects the two platforms at two points, which are denoted as 
hcmcH and cmcH, respectively. The value of hcmcH and cmcH of the three dispersion systems and the [H+] 
(C ) corresponding to the second platform are listed in table 1.  
The adsorption process of C12-s-C12·2Br (s = 2, 4, 6) on the surface of fumed silica is similar to the 
adsorption of cationic surfactant on silica surface [18,27-29,31]. With the increasing of surfactant 
concentration Cs, the adsorption process of C12-s-C12·2Br (s = 2, 4, 6) on silica surface can be divided into 
four regions and two adsorption stages. In the first region of relatively low surfactant concentrations, ion 
exchange happens between surfactant ions and protons of silica surface. The dissociation of Si-OH groups 
at the surface of fumed silica is promoted and the [H+] is thus sharply increased. At the same time, the 
surface potential of fumed silica is changed from negative to positive (identified by Zeta potential test). 
In the second region, electrostatic repulsion happened between the free quaternary ammonium 
surfactant ions and the positively charged surface of fumed silica.  Further surfactant adsorption was thus 
hindered and a platform for CH appeared. In the third region of hcmcH~cmcH concentration range, with the 
increase of surfactant concentration, hydrophobic interactions between surfactants were enhanced and the 
electrostatic repulsions were overcome. The free surfactant ions interacted with the surfactant originally 
adsorbed on the silica surface by hydrophobic chains and formed pre-aggregates on the silica surface. The 
adsorption layers were transformed from single to double. This region was regarded as the second stage 
adsorption. In the fourth region of Cs>cmcH concentration range, the surfactant adsorption on silica 
surface become saturated. The free micelles of surfactants began to form in the bulk phase. As a result, 
the second platform for CH appeared. It is inferred that the value of hcmcH and cmcH in Fig.4(b) 
corresponds to the surfactant concentration of pre-aggregate formation on silica surface and free micelle 
formation in bulk phase, respectively.  
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The effect of C12-s-C12·2Br adsorption on the dissociation of Si-OH groups on the silica surface can be 
reflected byC . Larger value of C  corresponds to a stronger effect. Table 1 shows that with the increase 
of s, the value of 
HC  decreased. This illustrates that C12-s-C12·2Br with shorter spacer shows stronger 
ability to promote the dissociation of Si-OH groups on the silica surface. 
e
H
It is estimated that the concentration of Si-OH group on the SiO2 particle surface is 0.096 OH/nm2 [7]. 
Assuming a total dissociation of Si-OH groups in 1%SiO2 dispersion system, The [H+] can be calculated 
as by SiO
SiOH
V m S c
  
0 1 2 3 4
3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8
5.0
5.2
5.4
 C12-2-C12⋅2Br
 C12-4-C12⋅2Br
 C12-6-C12⋅2Br
pΗ
Cs/mmol⋅L
-1
a
0 1 2 3 4
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
hcmcH
 C12-2-C12⋅2Br
 C
12
-4-C
12
⋅2Br
 C12-6-C12⋅2Br
C H
 / 
m
m
ol
⋅L
-1
Cs / mmol⋅L
-1
b
cmcH
Fig. 4 The variation of pH and concentration of H+ with the
concentration of surfactant in the fumed silica(1%)/surfactant
dispersions  
H
N
⋅ ⋅ ⋅=C (V, m, S, N are volume of dispersion system, the weight percent of SiO2, the 
specific area of SiO2 and Avogadro's constant, respectively). The 
HC of s=2 is 0.32, which is close to the 
calculated value 0.3. This means that s=2 can promote a total dissociation of Si-OH group on the surface 
of fumed silica.  
e
Tab. 1 The relevant parameters of 1% fumed silica/C12-s-C12·2Br dispersion determined by pH value, conductivity and steady-state 
fluorescence technology, respectively. (25℃) 
Surfactant hcmcH  cmcH  eHC  hcmcc  cmcc  hcmcI  cmc0 cmc0
*
  cmcI I1/I3 
s=2 0.52 2.24 0.32 0.73 2.04 0.49 0.92 0.84 0.56 1.20 
s=4 0.52 2.06 0.24 1.14 2.04 0.45 1.19 1.09 0.89 1.40 
s=6 0.48 1.68 0.22 1.00 1.59 0.40 1.15 1.01 0.85 1.44 
Note: the concentration unit was in mmolL-1; * Data from literature [12] determined by conductivity method. 
3.3 The effect of fumed silica on the conductivity of surfactant solutions 
Fig.5 shows the variation of the specific conductivity of SiO2(1%)/C12-s-C12⋅2Br dispersion systems 
with surfactant concentration Cs. For the pure surfactant solutions, an obvious turning point presented in 
the conductivity-concentration curve, which corresponds to the critical micelle concentration and denotes 
as cmc0. These cmc0 are consistent with that reported [12] and are listed in table 1. However, when these 
surfactant solutions contains 1% fumed silica, with the increasing of Cs, two turning points appeared in 
the specific conductivity curve, which indicate the formation of pre-aggregates in the system. The two 
turning points are denoted as hcmcc and cmcc and their corresponding value are listed in table 1.  
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(a)C12-2-C12·2Br，(b) C12-4-C12·2Br，(c ) C12-6-C12·2Br 
In the surfactant solutions containing 1% fumed silica during the concentration range of Cs > cmcc, the 
κ∼Cs curve are parallel with that of pure surfactant solutions during the concentration range of Cs > cmc0. 
This is interesting because it may imply that cmcc is the beginning of micelle formation in the surfactant 
solutions containing 1% fumed silica. The critical micelle concentrations obtained by conductivity 
method (cmcc) and pH method (cmcH ) are very close, which further proves that cmcc and cmcH can be 
seen as the critical concentration of surfactant solutions containing 1% fumed silica.  
Besides, the appearance of hcmcc may relate to the pre-aggregate formation.  
3.4 The peculiarity of I1/I3 of pyrene in fumed silica/surfactant solution systems 
The I1/I3 value of pyrene is usually taken as the indicator of the local environmental polarity [25, 32]. 
For example, the I1/I3 values of pyrene in water and in dodecane are 1.87 and 0.58, respectively [25]. 
Fig.6 shows the variation of I1/I3 value with surfactant concentration Cs. Fig.6(a) and Fig.6(b) are 
corresponding to the pure surfactant solutions and 1% fumed silica/ surfactant systems. The I1/I3 values in 
s=4 and s=6 systems are translated by adding 0.1 and 0.2 for the ease of eyes.  
 
As shown in Fig.6(a), for the pure surfactant solutions, when the concentration is low and no aggregate 
exists, the I1/I3 value is about 1.8. It means that pyrene molecules exist in a water environment. With the 
increase of surfactant concentration Cs, I1/I3 value undergoes fast decrease, which means the formation of 
aggregates in solutions. The critical micelle concentration determined by fluorescence method is denoted 
as cmcI and is listed in table 1.  
s=2 solution is rather special. The I1/I3~Cs curve shows a minimum and cmcI is also quite lower than 
cmc0. This is because that the hydrophobic interactions of s=2 are especially strong. As a result, small 
Fig. 6 Effect of surfactant concentration on pyrene I /I ratio in1 3
C12-s-C12·2Br solution, with fumed content was 0 for (a) and 1%
for (b) 
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aggregates are formed before the formation of complete micelles [33]. The meaning of cmcI and cmc0 are 
thus different for s=2. The former means the critical pre-aggregate concentration and the latter means the 
critical micelle concentration. This also illustrate that the fluorescence method can be used to monitor the 
formation of pre-aggregates.  
The I1/I3~Cs curves of pyrene in 1% fumed silica/surfactant dispersion systems are shown in Fig.6 
(b). The critical micelle concentration obtained was denoted as hcmcI and was listed in table 1. 
Comparing hcmcI and hcmcc, the value of the former is far lower smaller than the latter. It shows that the 
fluorescence method is more sensitive in detecting the aggregate formation than the conductivity method. 
It is more suitable to character the critical pre-aggregate concentration with hcmcI. Besides, the value of 
hcmcI is well coincide with hcmcH. This is another proof for the pre-aggregate formation of surfactant on 
the surface of fumed silica during the third stage.  
3.5 The explanations of flocculation effect of s=2 to fumed silica 
As analyzed above, four concentration regions exist during the adsorption process of C12-s-C12·2Br on 
the surface of fumed silica. These regions are recognized as ion exchange adsorption region, electrostatic 
repulsive region, adsorption layer region formed by hydrophobic interactions and free micelle formation 
region in bulk phase. The dispersion-flocculation-redispersion phenomena happens in the third region of 
hcmcH~cmcH concentration range. The flocculation becomes the most severe when the concentration of 
C12-s-C12·2Br is 1mmolL-1. In this concentration region, the second stage adsorption of surfactant occurs. 
The concentration 1mmolL-1 may suggest the beginning of the transformation from single adsorption 
layer to double adsorption layers of surfactant.  
We think that when hcmcH<Cs<1mmolL-1, the amount of s=2·2Br is not enough. s=2 molecules 
adsorb quickly on the surface of fumed silica and form dense single adsorption layer with strong 
hydrophobicity (with ionic head group inward and hydrophobic chains outward). The fumed silica 
particles in the system become unstable and flocculation happens by the surface hydrophobicity. With the 
increase of surfactant concentration, the surfactant molecules continue to adsorb onto the fumed silica 
surface and form double adsorption layers with hydrophobic chains inward and ionic head group outward. 
The fumed silica particles are thus re-dispersed by electrostatic repulsions.  
The same condition happens in systems. However, the single adsorption layer formed by s=4 and s=6 
after the first adsorption stage is less hydrophobic than that formed by s=2. As shown in Fig.4 (b), when 
the surfactant concentration is 1mmolL-1, the I1/I3 value of pyrene in is 1.25 while in 1% fumed silica/ 
s=4 and s=6 systems the value is 1.45 and 1.45, respectively. This also identifies that the adsorption layer 
on the fumed silica surface formed by s=2 is denser and more hydrophobic [34]. This condition is similar 
to the reported aggregation behavior of C12-s-C12·2Br. No matter at the silica solid/liquid interface 
[18,20,21], air/liquid interface [35] or in aqueous solutions [34], quaternary ammonium Gemini surfactant 
s=2with the shortest spacer, would always form the densest aggregates.  
4 Conclusions 
Gemini surfactant C12-s-C12·2Br shows strong adsorption ability on the surface of fumed silica. With 
the increase of surfactant concentration, four regions (two adsorption stages) exists during the adsorption 
and aggregation process, which can be recognized as ion exchange adsorption (adsorption stage 1), 
electrostatic repulsion, adsorption layer formation by hydrophobic interactions and free micelle 
formation. The “dispersion-flocculation-dispersion” phenomena was observed for the addition of 
s=2during 0.1 to 4 mmolL-1. 5% fumed silica dispersion system can be gelled by s=2 of 1mmolL-1. 
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